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The  near-millimeter  wave  (NMMW)  region  of  the  electromagnetic 
spectrum  may  be  defined  as  that  region  between  3.2  and  0.3  mm  in  wave- 
length (or  equivalently  between  9^  and  1000  GHz,  or  between  3.1  ana 
33.3  cm-1).  This  region  near  1 mm  is  considered  to  be  a unique  region 
because  its  components  and  techniques  are  hybrids  of  the  microwave  and 
infrared  (IR)  regions  that  bracket  it  and  because  its  atmospheric 
transmission  windows  permit  reasonable  propagation  under  adverse  con- 
ditions. The  Justifications  for  military  consideration  of  NMMW  sys- 
tems involve  complex  technical  questions  (l).  Briefly  stated,  they 
arise  from  requirements  for  various  "imaging"  and  radar  systems  which 
can  operate  under  all  weather  conditions  and  the  environment  of 
battlefield  smokes  and  dust.  With  a judicious  balance  of  parameters, 
NMMW  systems  can  combine  the  propagation  advantages  of  the  microwave 
region  with  high  resolution  that  is  characteristic  of  IR  and  optical 
systems . 

This  paper  reports  on  new  systematic  diagnostic  procedures  devel- 
oped in  part  at  The  Harry  Diamond  Laboratories  (HDL)  for  obtaining  the 
basic  molecular  information  necessary  for  modeling  and  scaling  the 
operation  of  known  photon-pumped  NMMW  sources  and  for  prediction  of 
new  NMMW  emission  and  associated  pump  frequencies.  Our  procedures  in- 
volve the  use  of  tunable  IR  diode  lasers  to  reveal  important  details 
of  previously  unresolved  molecular  absorption  lines.  The  sub-Doppler- 
width  resolution  achievable  with  these  lasers  has  permitted  us  to  ex- 
tend into  the  IR  region  a combination  of  accurate  heterodyne  and  Stark 
absorption  techniques  previously  employed  routinely  only  in  microwave 
spectroscopy. 

First,  the  basic  physics  of  photon-pumped  NMMW  sources  is  ex- 
plained. Then  the  instrumental  configurations  involving  the  frequency 
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tunable  lead-salt  (PbSnSe)  diode  laser  are  discussed,  with  emphasis 
on  heterodyne  and  Stark  spectroscopic  techniques  used  at  KDL.  The 
results  obtained  from  studies  of  CK3F,  LoO,  and  CK3OH  are  presented, 
and  the  relationships  to  NMMW  generation  are  given.  New  NMMW  freq- 
uencies in  atmospheric  windows  are  predicted. 

Fhoton-Pumped  WMW<  Sources 

Photon-pumped  NMMW  sources  operate 
on  the  principle  of  obtaining  stimulated 
emission  at  a NMMW  frequency  in  a gaseous 
molecular  medium.  The  NMMW  output  freq- 
uency may  result  from  a laser  population 
inversion  emission  or  a Raman  emission. 

In  either  case,  as  illustrated  in  Fig.  1, 
it  is  necessary  to  find  an  IR  emission 
transition,  hv,  which  closely  matches  the 
molecular  absorption  energy,  Ei  - Ej, 

The  frequency  separation  between  pump  and 
absorption  should  be  within  about  1 GHz 
for  pulsed  NMMW  output  and  within  100  MHz 
for  cw  NMMW  output . 

Conventional  grating  spectrometers 
do  not  have  adequate  resolution  to 
determine  accurately  the  frequency  sep- 
aration of  the  pump  emission  and  IR 
absorption.  However,  tunable  IR  diode 
lasers,  with  a resolution  over  20  times 
that  of  conventional  spectrometers,  can  resolve  IR  spectral  lines  to 
less  than  their  Doppler  width,  which  is  typically  between  50  and 
100  MHz  for  IR  molecular  transitions  near  10  pm  (1000  cm-1  or  30  x 
1012  Hz).  This  is  illustrated  in  Fig.  2.  The  upper  portion  shews  the 
survey  scan  spectrum  obtained  with  a conventional  spectrometer  for  the 
gas  CH3F  at  a pressure  of  a few  torr  (2),  The  lower  inserted  oscillo- 
graphs give  our  results  obtained  with  lead-salt  diode  lasers.  In 
these  oscillographs,  the  upper  traces  correspond  to  the  CH3F  absorp- 
tion versus  frequency,  and  the  high  resolution  of  the  diode  laser  much 
detailed  absorption  structure  is  displayed  where  only  singlet  or 
blended  band  structure  occurs  in  the  conventional  spectrum.  The  regu- 
larly spaced  near-sinusoidal  lower  traces  in  the  oscillographs  corre- 
spond to  periodic  transmission  maxima  spaced  by  1^75  MHz  (0.0^92  cm-1'; 
these  curves  result  from  the  variations  with  diode  laser  frequency  of 
transmission  through  a Ge  bar,  and  are  used  to  calibrate  the  frequency 
scale. 

A complete  understanding  of  a photon-pumped  NMMW  source  requires 
(a)  identification  of  the  quantum  numbers  associated  with  the  molecu- 
lar transitions;  (b)  measurement  of  the  frequency  difference  between 
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Fig.  1.  NMMW  Photon 
pumping  scheme. 
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Fig.  2.  Comparison  of  conventional  spectrum  (upper  trace) 
and  tunable  diode  laser  spectra  (lower  traces)  for  CH3F. 

photon  pump  and  molecular  absorption;  (c)  measurement  of  IR  line 
shapes,  line  strengths,  transition  rates,  and  pressure  broadening 
effects;  (d)  related  conventional  molecular  spectroscopy;  (e)  relateu 
NMMW  spectroscopy.  Our  IR  measurements  have  involved  the  first  three 
items,  and  we  have  drawn  from  other  publications  for  the  other  infor- 
mation. The  rest  of  this  paper  describes  our  techniques  and  the  ap- 
plication of  our  results  to  the  molecular  transitions  of  NMMW  sources. 

Diode  Laser  Spectrometer 

Our  first  diagnostic  step  in  studying  a NMMW  gas  was  to  obtain 
the  ultrahigh  resolution  IR  spectrum  in  the  region  of  interest.  This 
procedure  usually  revealed  important  features  of  previously  unresolved 
absorption  line  structure.  The  results  of  conventional  spectroscopy 
often  provide  useful  experimental  and  theoretical  guides  as  to  what 
one  may  expect.  Indeed  the  operation  of  the  diode  laser  may  be  com- 
pared with  the  operation  of  a microscope  with  very  high  resolution; 
without  conventional  low  magnification  information,  it  may  be  impos- 
sible to  interpret  the  high-resolution  structure. 

The  diode  laser  spectrometer  is  shown  in  Fig.  3.  The  lead-salt 
diode  laser  was  fabricated  by  Laser  Analytics  and  typically  produced 
several  hundred  microwatts  of  power  in  each  of  about  six  principal 
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simultaneously  oscillating  laser 
modes  when  operating  on  a liquid- 
Ke  cold  t'ir.ger.  Varying  the  in- 
jection current  between  0.03  and 
0.0  A resulted  in  a piecewise 
tunability  between  100^  and 
1000  cm-1  at  liquid-tie  temperature. 

The  continuous  tuning  range  of  a 
given  mode  was  about  0.3  cm-1 
under  these  conditions.  However, 
the  useful  ulode-laser  tuning 
range  was  extended  by  1U0  cm-1 
to  higher  frequencies  by  allow- 
ing tne  liquid-He  to  evaporate 
and  the  dewar  to  warm  up  slowly,  or  by  mounting  the  diode  in  a closed- 
cycle  variable- temperature  cryogenic  refrigerator.  The  refrigerator 
kept  the  diode  laser  at  temperatures  between  10  and  77  K with  a short 
term  stability  better  than  3 x 10-4  K.  These  temperatures  allowed 
the  diode  laser  to  be  coarsely  tuned  from  1030  to  1100  cm-1.  By  ad- 
justing the  laser  current,  the  frequency  could  be  fine  tuned  at  the 
rate  of  10  MHz/mA.  As  the  temperature  was  increased,  the  threshold 
current  also  increased,  and  fewer  modes  operated,  but  the  current 
tuning  range  of  these  modes  increased  to  about  1 cm-1. 

The  radiation  from  the  diode  laser  was  first  passed  through  a 
\-m  monochromator  used  as  a narrow  band-pass  filter  to  select  a prin- 
cipal laser  mode.  A beam  splitter  then  passed  one  portion  of  the 
radiation  through  a Ge  bar  etalon  employed  for  the  calibration  of 
optical  frequency  differences,  while  the  second  portion  of  the  radi- 
ation passed  through  the  gas  absorption  cell  (3).  Two  separate 
HgCdTe  detectors  simultaneously  received  the  radiation  passed  through 
the  etalon  and  the  gas  cell.  Typically,  a sawtooth  current  ramp  of 
about  0.1-A  amplitude  with  a frequency  of  about  100  Hz  was  applied  to 
the  diode  laser  to  sweep  it3  output  frequency.  Direct  video  presen- 
tation of  the  molecular  absorption  and  the  etalon  channel  spectrum 
was  given  simultaneously  on  a dual-beam  oscilloscope  for  the  warm-up 
exepriments.  When  the  diode  was  mounted  in  the  cryogenic  refrigera- 
tor, a chopper  and  lock-in  amplifiers  were  used  to  present  the  molec- 
ular and  etalon  channel  spectra  versus  diode  laser  current  on  an  X-Y- 
Y'  recorder.  Absorption-line  separations  were  measured  by  comparison 
with  the  periodicity  ( 1UT5  MHz)  produced  by  the  etalon.  The  gas 
sample  cell  was  30  cm  long.  Measurements  were  made  at  various  pres- 
sures between  0.1  and  10  torr. 

The  search  for  a particular  molecular  absorption  line  proceeded 
in  the  following  manner.  As  the  diode  laser  temperature  slowly  in- 
creased, a manual  scan  of  current  between  0.1  and  1 A was  repeatedly 
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Eig.  3.  Schematic  diagram  of 
diode  laser  spectrometer . 
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cade.  The  sawtooth  ramp  also  was  applied,  and  wide  spectrometer  slit 
were  used  during  the  search.  Narrow  s.its  were  then  inserted  to  dis- 
criminate against  unwanted  laser-  modes  when  it  was  desired  to  confirm 
the  appearance  of  a particular  absorption  line,  and  the  sawtooth  ramp 
amplitude  was  decreased  for  better  resolution. 

As  an  example  of  the  results  ob- 
tainable with  the  diode  laser  spec- 
trometer, Fig.  U shows  the  tracings  K 

obtained  from  the  plotter  output  of 
the  12  lines  of  the  QIJ  = 12,  K) 
multiplet  of  CHjF.  This  is  similar 
to  an  oscillograph  in  Fig.  2,  except 

that  in  this  figure  the  frequency  / 

scale  is  more  linear  and  increases 
toward  the  right. 
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Fig.  4.  Absorption  spectrum 
of  V3,  = 12,  K)  transi- 

tions of  CH3F  (upper  trace) 
and  etalon  channel  spectr-ur. 
(lower  trace'. 


riode  Laser  Heterodyne  Spectrometer 
Although  the  experimental 
arrangement  discussed  above  can 
provide  remarkable  sub-Doppler  IK 
resolution,  it  cannot  be  used  to 
measure  the  frequency  difference  between  a molecular  absorption  and 
the  photon-pump  laser  emission  transition  which  must  be  obtained  for 
NMMW  diagnostics.  Since  the  pumping  laser  is  usually  a CCS  laser, 
and  since  the.  frequencies  of  this  laser  have  been  measured  to  high 
accuracy,  a beat -note  or  heterodyne  measurement  of  the  pump  laser  wit 
the  diode  laser  frequency  centered  at  a molecular  absorption  can  de- 
termine the  absolute  frequency  of  the  molecular  absorption.  Fig.  5 
is  a schematic  of  the  experi- 
mental arrangement  used  at  HTL. 

Information  regarding  previous 
related  experimental  procedures 
may  be  found  in  Refs.  (U)  and 
(5).  For  heterodyne  measurements, 
the  diode  laser  was  mounted  in 
the  cryogenic  refrigerator.  As 
before,  fine  tuning  was  done  by 
adjusting  the  injection  current. 

The  diode  laser  output  was  ex- 
ternally chopped  and  sent  to  a 
beamsplitter.  Approximately 
60' l of  the  radiation  passed 
through  a monochromator  to  elim- 
inate all  but  one  longitudinal 
mode.  The  output  radiation  was  made  to  pass  through  the  gas  cell  and 
then  onto  the  HgCdTe  detector.  The  detected  absorption  signal  was 
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Fig.  c>.  Schematic  diagram  of 
diode  laser  heterodyne  spectro- 
meter . 
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laser  was  set  to  line  center  maximizing  the  output  power  with  a piezo- 
electric transducer.  Although  the  gain  profile  and  thus  the  absolute 
laser  frequency  are  uncertain  because  of  the  pressure  of  the  lasing 
gas  mixture,  this  uncertainty  is  less  than  1 MHz  (o).  The  short-term 
frequency  stability  of  this  CC;  laser  was  measured  to  be  better  than 
1 MHz  for  periods  of  several  minutes. 

The  rf  signal  from  the  photomixer  was  amplified  by  a low-noise, 
wideband  amplifier  and  was  detected  with  an  Hr  model  lUlT  spectrum 
analyzer  system  operating  as  a narrow-band  (300-kHz)  fixed- frequency 
receiver,  tunable  between  0 and  1.2  GHz.  Video  output  at  the  chopping 
frequency  was  detected  with  a second  lock-in  amplifier  whose  output 
was  applied  to  the  Y'  channel  of  the  recorder.  As  the  diode-laser 
frequency  was  tuned  toward  the  GO;  laser  frequency,  the  beat  note 
frequency  decreased.  When  this  frequency  equaled  the  preset  spectrum 
analyzer  detection  frequency,  a marker  was  produced  in  the  Y'  channel. 
After  the  diode-laser  frequency  passed  through  the  CO;  laser  frequency 
and  their  difference  again  equaled  the  setting  of  the  spectrum  ana- 
lyzer detection  frequency,  another  marker  was  generated.  Thus  we 
could  measure  the  frequency  difference  between  CO;  laser  line  and  a 
molecular  absorption  line  by  comparing  the  absorption  and  marker 
traces  of  the  recorder. 

Fig.  6 shows  the  result  of  one 
experimental  run  for  D;0.  The  upper 

trace  shows  the  output  from  the  de-  "'l  ( ~\j\ 

tector  that  measured  the  absorption  1 

of  the  diode  laser  radiation  by  the  1 j ••  ■ ’• 

P;0  gas;  the  lower  trace  shows  the 
frequency  markers  generated  by  the  11 

heterodyne  system.  This  run  was  for  co„..« 

the  absorption  6g  -*  5i,,  65  -*■  5s  and  *''5' 

7-1  ■*  6_ 3 near  the  9P32  CO;  laser  ^ ^ 

line.  High- resolution  grating  spec- 
troscopy had  placed  the  7_i  6.3  ' ' 


absorption  1770  MHz  above  the 
6g  -►  5i».  65  ■*  R5  absorption  (7). 
In  Fig.  6,  the  -*•  5t* , 65  -*•  5g 
absorption  is  1177  MHz  below  the 


Fig.  6.  D;0  absorption  (upper 

trace)  and  frequency  markers 
(lower  trace). 
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COt  laser  line,  while  the  7_i  -►  6_ 3 absorption  is  5o5  MHz  above  this 
line.  To  reduce  errors  arising  from  the  nonlinear  tuning  of  frequency 
with  current , we  subsequently  produced  markers  slightly  below  and 
slightly  above  each  absorption  line  by  changing  the  spectrum  analyzer 
detection  frequency  by  IOC  MHz  during  each,  run.  With  these  100-MKz 
markers  bracketing  each  absorption,  we  interpolated  over  IOC  MHz  to 
find  the  absorption  frequency  and  thus  avoided  extrapolations  over 
several  hundred  megahertz. 

We  checked  the  frequency 
calibration  of  this  system  by  com- 
paring our  data  with  high  resolu- 
tion data  taken  by  other  complex 
spectroscopic  techniques.  These 
included  not  only  the  5o  ^0 
transition  of  DjO,  but  also 
several  lines  in  CH3F  (8).  Fig. 

7 shows  heterodyne  results  from 
the  Q(12,  K)  transition  of  CH3F. 

By  interpolation,  the  COj  laser 
9P20  line  lies  53  MHz  above  the 
Q(12,  l)  and  51  MHz  below  the 
Q(12,  2),  in  agreement  with  pre- 
vious results  (3).  The  error 
in  our  measurements  is  ±15  MHz 
(±0.0005  cm-1).  The  frequency  ■ 
instability  of  the  diode  laser 
caused  by  the  mechanical  and 

thermal  fluctuations  of  the  refrigerator  comprises  the  largest  contri- 
bution to  this  uncertainty. 


Fig.  7.  Heterodyne  spectroscopy 
of  V3,  Q(J  = 12,  K)  transitions 
in  CH3F. 


Diode  Laser  Stark  Spectrometers 

The  application  of  external  electric  fields  to  gaseous  molecules 
is  common  in  microwave  absorption  spectroscopy  where  the  high  resolu- 
tion of  microwave  components  permits  detection  of  small  changes  in 
transition  frequency  caused  by  the  Stark  effect  (0).  Although  Stark 
fields  have  been  used  to  tune  IR  molecular  absorption  frequencies 
through  nearby  laser  line  frequencies,  until  the  present  work,  no 
publication  has  reported  entire  resolved  Stark  components  in  IR 
absorption  spectroscopy . 

A Stark  gas  absorption  cell  was  constructed  with  metal  plates 
10  cm  wide  by  36  cm  long  separated  by  0.203  cm.  This  cell  could  be 
substituted  for  the  gas  cells  in  the  experimental  arrangements  depict- 
ed in  Fig.  3 and  5.  The  usefulness  of  the  Stark  effect  arises  from 
the  ability  to  assign  directly  and  unambiguously  the  quantum  numbers 
corresponding  to  a molecular  transition  from  the  pattern  of  new  ab- 
sorption lines  which  result  when  the  electric  (E-)  field  is  applied. 
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In  Fig.  8 is  shown  the  observed 
structure  obtained  when  static  E- 
fields  were  applied  to  a V4 , 

R(J  -J2,  K = 2)  transition  in  CH3CH 
with  S first  parallel,  then  perpen- 
dicular to  the  linear  polarization 
of  the  diode  laser  radiation.  The 
quantum  numbers,  K,  corresponding 
to  the  t action  of  the  rota- 
tional quotum  number,  J,  on  the 
"symmetry"  axis  of  the  molecule, 
could  be  readily  assigned  since 
K = 0 lines  showed  no  resolvable 
Stark  splittings,  whereas  other 
lines  showed  well-resolved  linear 
or  quadratic  Stark  effects.  Stark 
effects  in  CH3OH  and  CH3F  have 
been  studied  and  are  discussed 
below. 

Spectroscopy  of  CH3F 


2070  V cm  1 


2070  V cm  ' 
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Fig.  8.  Linear  Stark  effect  on 


Methyl  fluoride  is  considered  U4  , R(J  = 2,  K = 2)  transitions 
to  be  an  important  NMMW  and  sub-  in  CH3OH  showing  observed  and 

millimeter  wave  (SMMW)  molecule  calculated  patterns, 

because  strong  (13  mW  cw  and  10  kV 

pulsed)  output  power  is  obtainable  at  O.U96  mm  wavelength.  This  radi- 
ation is  given  off  when  the  V3,  3(12,  K = 1,2)  transitions  depicted 
in  Fig.  2,  U,  and  7 are  pumped  by  the  9P20  line  of  a CO2  laser  (10). 

We  made  a detailed  examination  of  the  Q branch  of  the  V3  funda- 
mental band  of  CH3F  (ll).  Fig.  9 shows  typical  dual-beam  oscillo- 
scope traces.  The  lower  trace  contains  the  regularly  spaced  maxima 
and  minima  of  the  etalon  channel  spectrum.  The  upper  trace  displays 
the  K-structure  of  the  Q(J,  K)  absorption  lines  for  J = 3 to  6.  These 
lines  are  identified  according  to  the  symmetric  top  model  where  the 
quantum  number  J refers  to  the  rotational  angular  momentum  and  the 
axial  quantum  number  K is  the  projection  of  J on  the  C-F  symmetry 
axis.  For  Fig.  9 and  10,  frequency  increased  toward  the  right  and 
gas  pressure  was  about  0.5  torr.  Some  nonlinearity  in  the  diode  laser 
frequency  ramp  occurred  at  the  start  of  each  application  of  the  saw- 
tooth current  ramp  (toward  the  left  of  the  figures);  also,  there  were 
flyback  discontinuities  (at  the  edges  of  each  trace).  A better  re- 
solved picture  of  the  Q(5,  K)  quintet  appears  in  Fig.  10,  and  pictures 
of  the  Q(12,  K)  multiplet  appear  in  Fig.  2,  1 and  7. 

The  extra  line  near  the  Q(l2,  7)  line  is  the  P(l,  0)  line.  This 
has  been  verified  by  a Stark  measurement.  The  P(l,  0)  line  undergoes 
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a quadratic  ft  ark  shift  and  has  been 

with  application  of  a Stark  field  of  1291  Von:-1,  in  excellent  agree- 
ment with  our  calculated  shift  of  -98  Mho . Assignment  of  the  symmet- 
ric top  quantum  numbers  J and  K is  particularly  easy  for  lines  with 
J 12  in  the  2 branch  because  the  intensities  generally  follow  the 
Honl-London  intensity  rules  112),  and  most  of  the  lines  are  well  sep- 
arated with  J lines  corresponding  to  the  K-values  being  visible  in 
each  multiplet.  The  K = 1 line  is  at  the  lowest  frequency  of  the  J 
multiplet,  and  lines  of  increasing  K-value  appear  at  correspondingly 
increasing  frequencies.  Also,  lines  with  K-values  that  are  evenly 
divisible  by  three  are  stronger  than  adjacent  lines  in  accordance 
with  the  statistics  arising  from  nuclear  exchange  symmetry  (12',  As 
J increases,  the  strengths  of  the  K = 1 and  2 lines  diminish,  and  the 
varying  intensities  help  to  confirm  the  line  assignments. 

We  have  also  obtained  spectra  of  several  P-  and  R-branch  lines. 

In  accordance  with  the  Honl-London  intensity  rules , the  lines  of  low 
K are  of  greater  intensity  than  the  high-K  lines  in  a J multiplet. 

It  appears  that  the  low-K  lines,  especially  K = 2 and  1,  are  less 
than  a line  width  apart,  and  therefore  only  2-1  distinct  lines  ap- 
pear for  the  P branch,  and  J distinct  lines  appear  for  the  R branch 
for  J > 0.  This  behavior  is  consistent  with  the  spectra  calculated 
from  reported  values  of  the  vibration- rotation  parameters  and  with 
line  assignments  based  on  the  increased  strength  of  lines  with  K even- 
ly divisible  by  three.  In  the  P and  R branches,  as  in  the  2 branch, 
the  frequency  increases  with  increasing  value  of  K. 

In  Table  I are  presented  the  measured  and  calculated  widths  of 
the  2-branch  multiplets,  The  width  of  each  J multiplet  has  been 
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Calculated  with  parameters  in  Ref.  (11). 

measured  as  the  separation  between  the  K = J and  K = 1 components . In 
a similar  manner.  Table  II  gives  the  separation  of  adjacent  multi- 
plets.  No  attempt  has  been  made  to  extract  best-fit  constants  from 
our  data  on  inter-  and  intra-multiplet  line  separations.  Our  experi- 
mental errors  of  about  100  MHz  are  caused  in  part  by  the  low  finesse 
of  the  etalon , by  laser  radiation  of  nearby  parasitic  modes,  and  by 
changes  in  the  laser  power  output  and  tuning  rate  with  current.  The 
increasingly  large  errors  in  the  calculated  separations  occur  because 
the  vibration-rotation  parameters  that  are  not  well  known  are  multi- 
plied by  big  integers  for  large  values  of  J and  K,  thus  increasing 
the  relative  error.  For  example,  the  calculation  of  the  positions 
of  the  P(l,  0)  and  5(12,  7)  lines,  which  appear  close  together  in 
Fig.  U,  is  not  reliable  enough  to  distinguish  the  lines.  Neverthe- 
less , the  diode  laser  spectrum  consisting  of  regularly  increasing 
spacings  of  the  5(12,  5C)  lines  indicate  that  the  5(12,  ~ ' line  should 
be  at  a higher  frequency  them  the  ?(l,  0)  line.  This  information  is 
consistent  with  our  Stark  experiment. 

The  agreement  between  our  measurements  and  the  calculated  spectra 
is  within  experimental  error,  except  for  the  Q(k,  K)  multiple  where 
the  measured  width  seems  slightly  large.  For  low  values  of  J and  K, 
the  line  separations  obtained  by  using  the  published  values  of  the 
vibration-rotation  parameters  are  believed  to  be  about  two  orders  of 
magnitude  more  accurate  than  we  can  measure  with  the  diode  laser. 
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This  accuracy  is  not  surprising  since  the  experiments  (6)  and  (13) 
have  encompassed  a large  numtv  of  very  accurate  data  relating  to 
lines  of  low  J-  and  K-values  in  the  immediate  vicinity  of  available 
COj  laser  lines.  Nevertheless,  the  diode  laser  is  very  useful  for 
those  regions  of  the  spectrum  where  it  is  not  possible  to  extrapolate 
the  results  of  other  experiments.  Our  recent  calculations  based  on 
such  data  predict  three  new  NMMV  that  should  result  from  photon  pump- 
ing with  isotopic  CCj  lasers.  The  predicted  outputs  lie  in  atmospheric 
windows  between  0-7  and  1 nr... 

Spectroscopy  of  P2O 

Heavy  water  is  an  important  NMMV  and  SMKV  molecule  because  when 
the  I'^O  gas  pumped  with  a TEA  CC2  laser,  kilowatts  of  output  power 
result  (10).  by  using  heterodyne  techniques,  we  have  measured  the 
frequencies  of  several  D2P  absorption  lines  that  are  nearly  coin- 
cident with  CO2  emission  lines. 
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Spectroscopy  of  CH3OH 

Methyl  alcohol  provides  more  NMMV  and  RMMW  transitions  than  any 
other  molecule  (10).  Its  structure  corresponds  to  a slightly  asym- 
metric top,  and  the  vibrational  transition  of  interest  for  optical 
pumping  is  the  V4  vibration  associated  with  the  C-0  stretch.  The 
complexity  introduced  by  the  reduced  symmetry  is  compounded  by  a 
torsional  motion  of  the  0-H  group.  Fig.  11  shows  a comparison  of 
the  diffuse  structure  of  the  conventional  spectrum  (insert)  and  the 
R(5)-m.ultiplet  as  obtained  with  the  diode  laser.  It  is  also  inform- 
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after  hundreds  of  data  runs  of 
spectra  were  taken  and  fitted 
together.  This  piecewise  pro- 
cedure was  necessitated  be- 
cause the  tuning  behavior  of  ?^de  baser  scan  o 
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Fig.  11.  Tiode  laser  scan  of  v4 , 
R(J  = 5)  sultiplet  in  CK3CH. 
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1C52  or.- 1 through  the  Q branch  to  the  F(10)  near  101~  or.-1.  Assign- 
rents  of  the  torsional  quantise  numbers  rj  ar.d  t ar.d  the  rotational 
quantum  numbers  J and  K for  certain  lines  in  the  ? and  R multiplets 
have  been  made  possible  because  of  the  constant  width  of  the  multi- 
plets,  the  similarity  of  the  structures  of  adjacent  aultiplets,  and 
our  Stark  measurements.  Lines  in  the  F and  ? branch  of  the  v4  band 
with  J <_  2 were  identified  by  direct  observation  in  absorption  of  the 
Stark  patterns  produced  when  the  static  E-fields  were  applied  to  the 
gas  with  E either  parallel  or  perpendicular  to  the  linear  polarisation 
of  the  diode  laser  radiation.  The  K- values  could  be  ’unambiguously 
assigned  since  the  K = C lines  showed  no  resolvable  Stark  splitting, 
whereas  other  lines  shewed  well  resolved  linear  or  quadratic  Stark 
effects.  Fig.  12  shows  the  quadratic  Stark  effect  on  the  R(J  = 1, 
n=0,  K=l,  x = 3)  asymmetry-split  pair  of  lines.  The  agreement 
between  the  measured  splitting  of  21b  MKz  and  cur  theoretical  calcu- 
lation of  195  MHz  is  within  our  experimental  ’uncertainty  of  30  MHz. 
This  result  allows  us  to  make  an  unambiguous  quantum  number  assignment 
for  these  lines.  .An  example  of  a linear  Stark  splitting  is  shewn  in 
Fig.  3.  By  superimposing  the  various  R(J)  multiplets,  by  using  the 
heterodyne  results,  and  by  comparing  the  similarities  of  structure, 
we  have  given  an  absolute  frequency  scale  to  the  2H3CK  spectrum  and 
have  established  the  identifications  of  the  K-values  in  the  multiplet 
as  shown  schematically  in  Fig.  13.  The  assignments  for  the  J = ?,  1, 
and  2 multiplets  are  confirmed  by  Stark  spectra,  and  the  assignments 
in  the  higher  J multiplets  are  extrapolations  from  frequency  and  in- 
tensity considerations. 

From  our  data,  it  was  possible  to  make  definitive  tests  of  two 
published  theoretical  calculations  (IT,  18)  which  attempted  to  identi- 
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Fig.  12.  Quadratic  Stark  effect  on  Fig.  13.  Schematic  spectra 
V4 » = 1,  n = 0,  x = 3 K = l)  of  V4 , R(J)-multip2ets. 

pair  in  CH3OH. 


The  results  of  heterodyne  spec- 
9Pl6  line  is  shown  in  Fig.  1- 
of  the  C02  laser  frequency. 


fy  the  IR  and  NMMW-SMMW  transition, 
troscopy  for  pumping  CH3OH  with  the  CC2 
A strong  CH3OH  line  lies  within  105  MHz 
This  pumping  frequency  has  produced 
four  NMMW  transitions  and  one  SMMW 
transition,  including  the  important 
line  at  1.217  mm  (10).  Additional 
measurements  place  the  offset  at 
73  ± 15  MHz.  These  data,  when 
combined  with  the  analysis  of  the 
structure  of  the  R(J  = 10)  multiplets,  I 
lead  to  an  identification  of  the 
strong  absorption  line  as  the  higher 
frequency  R(J  = 10,  n = 0,  t,  K=  0) 
transition  in  partial  agreement  with 
Ref.  (17)  and  in  disagreement  with  , 

the  conclusion  of  Ref.  (16).  Simi-  Fi«*  lU'  Heterodyne  spectro- 
lar  methods  also  show  that  the  scopy  ot  V4 , ( ^ ’ ‘ 

assignment  as  an  n = 1 transition  transition  in  CH3O  .. 

(17)  for  the  IR  absorption  in  the  Q branch  associated  with  pumping  by 
the  9P3l*  line  may  not  be  correct  since  a strong  n = 0 line  lies  close 
to  the  laser  frequency. 

From  the  etalon  and  heterodyne  spectroscopy  and  the  published 
frequencies  of  isotope  C02  lasers,  it  has  been  possible  to  predict  a 
near-coincidence  of  an  R(J  = 6,  n = 0,  t , K = 3)  line  with  the  IIP18 
line  of  the  COi  laser.  Calculations  are  proceeding  to  predict  also 
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New  1R  heterodyne  and  Stark  spectroscopic  techniques  have  been 
developed  and  applied  to  the  analysis  of  molecular  (NMMV?  s<'ureea. 

'ITeae  p none  dor.  re  a have  revealed,  previously  unresolved  molecular  IE 
structure.  Quantum  number  assignments .and  absolute  frequencies  of 
transitions  have  been  tabulated  for  CHjF,  DjO , and  CJI3OH.  New  NMMV 
ope  rat,  .lug  frequencies  have  been  predicted.  “The  results  have  impli- 
cations lor  both  fundamental  and  applied  research,  since  our  measure- 
ments provide  new  information  regarding  molecular  structure,  as  well 
as  important  parameters  for  NMMW  source  modeling.^ 
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